The voltage (V) and frequency (f) dependence of dielectric characteristics such as dielectric constant (e 0 ), dielectric loss (e 00 ), dielectric loss tangent (tan d) and real and imaginary part of electrical modulus (V 0 and M 00 ) of the (Ni/Au)/GaN/Al 0.3 Ga 0.7 N heterostructures have been investigated by using experimental admittance spectroscopy (capacitance-voltage (C-V) and conductance-voltage (G/w-V)) measurements at room temperature. Experimental results show that the values of the e 0 , e 00 , tan d and the real and imaginary parts of the electric modulus (V 0 and M 00 ) obtained from the C and G/w measurements were found to be strong function of frequency and applied bias voltage especially in depletion region at low frequencies. These changes in dielectric parameters can be attributed to the interfacial GaN cap layer, interface polarization and a continuous density distribution of interface states and their relaxation time at metal/semiconductor interface. While the values of the e 0 decrease with increasing frequencies, tan d, V 0 and M 00 increase with the increasing frequency. Also, the dielectric loss (e 00 ) have a local maximum at about frequency of 100 kHz. It can be concluded that the interface polarization can occur more easily at low frequencies with the number of interface states located at the metal/semiconductor interface.
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Introduction
The conduction mechanisms of gallium nitride (GaN) and its alloys are of great interest for use in electronic devices due to strong polarization effects and large energy band-gap. Therefore, GaN and some other compounds have been studied extensively for their applications in short wavelength optical and high-power/temperature devices, such as light emitting diodes (LEDs), laser diodes (LDs), metal-semiconductor (MS) Schottky barrier diodes (SBDs), metal-insulator-semiconductor high-electron-mobility transistors (MISHEMTs). GaN high-electron-mobility transistors (HEMTs) with Schottky/rectifier metal contact have demonstrated excellent highfrequency, high-power, high temperature and recently good microwave-noise characteristics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The performance level of GaN/ AlGaN HEMT devices has increased rapidly over the last few years. Reliability, performance and life time combination of these devices are much higher than other devices. However, in order to improve the performance of these devices; the effects of surface passivation, dielectric layer (Al 2 O 3 , Si 3 N 4 ) insertion, surface treatments with chemical or plasma have been investigated [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, it still difficult to obtain a high quality GaN epilayer because of the large lattice mismatch and large difference in the thermal expansion coefficients between the GaN film, sapphire, and SiC substrate. This fact causes threading dislocation density (DD) and interface states (N ss ) generation, as grown by metal-organic chemical vapor deposition (MOCVD) in the GaN layer [13] [14] [15] [16] [17] [18] [19] . The reason for the existence of DD and N ss is the interruption of the periodic lattice structure at the surface, surface preparation, impurity concentration of semiconductor and the formation of barrier high at M/S interface [20] [21] [22] . Since the surface capacitance (C ss ) depends strongly on the frequency and applied bias voltage, both the capacitance-voltage (C-V) and conductance-voltage (G/w-V) characteristics are strongly affected [21] [22] [23] [24] . Therefore, it is important to include the effect of frequency, applied bias voltage and interfacial insulator layer native or deposited in the investigation of electrical characteristics or dielectric properties.
In generally, GaN epitaxial layers are grown on sapphire (Al 2 O 3 ) or silicon carbide (SiC) substrate with lattice and thermal mismatch. Growth of GaN epitaxial layers on such substrates was done by using a low-temperature nucleation layer demonstrated a good crystal quality [25] . On the other hand, during a metal Schottky/ rectifier contact was performing on GaN high-electron-mobility transistors (HEMTs), commonly the GaN surface has been exposed to the air is contaminated with oxygen and carbon [26] [27] [28] . It is noteworthy that especially at low temperatures (LT) the cap layer behaves like an insulator between the metals and semiconductor with extremely large sheet resistivity [29, 30] . The purpose of the GaN cap layer is to prevent the reaction and inter-diffusion between the (Ni/Au) metals and semiconductor as well as to improve the respective retention properties [31] . Otherwise, this insulator layer between metal and semiconductor with GaN cap layer has several of the productive effect as passivate active dangling bonds at semiconductor surface and reduce the high gate-leakage current.
The aim of this study is to investigate the frequency and applied bias voltage dependence of the dielectric properties of the (Ni/Au)/ GaN/Al 0.3 Ga 0.7 N heterostructures using the admittance spectroscopy method (C-V and G/w-V) in the frequency range of 10 kHz to 1 MHz at room temperature. The dielectric parameters of these devices such as dielectric constant (e 0 ), dielectric loss (e 00 ), loss tangent (tan d) and the real and imaginary part of (M 0 and M 00 ) electric modulus were obtained from the measured experimental capacitance (C) and conductance (G) values as function of frequency and applied bias voltage.
Experimental procedures
The GaN/Al 0.3 Ga 0.7 N heterostructures with a high-temperature (HT)-AlN buffer layer (BL), as was investigated in the present study, were grown on a c-face sapphire (Al 2 O 3 ) substrate by low-pressure metal organic chemical vapor deposition (MOCVD) method. Hydrogen was used as the carrier gas whereas trimethylgallium (TMGa), trimethylaluminum (TMAl), and ammonia (NH 3 ) were used as source compounds. Prior to the epitaxial growth, Al 2 O 3 substrate was annealed at 1100°C for 10 min to remove all surface contaminations. As shown in Fig. 1 , a 15 nm-thick AlN nucleation layer was deposited on an Al 2 O 3 substrate at 840°C. Then, the reactor temperature was ramped to 1150°C and an HT-AlN BL was grown, followed by a 2 min growth interruption in order to reach the growth conditions for GaN. GaN BL was grown at a reactor pressure of 200 mbar with growth temperature of 1070°C and growth rate of 2 lm/h, approximately. Then, for a sample, a 2 nm-thick HT-AlN inter layer was grown at a temperature of 1085°C and a pressure of 50 mbar. Finally, a 25 nm-thick AlGaN ternary layer and 2 nm-thick GaN cap layer growth was carried out at a temperature of 1085°C and a pressure of 50 mbar, respectively.
Prior to ohmic and rectifier contacts' formation, the samples were cleaned with acetone in an ultrasonic bath. Then, the sample was treated with boiling isopropyl alcohol for 5 min and rinsed in de-ionized (DI) water with resistivity of 18 MX cm. Immediately after the cleaning step, the samples were dipped in a solution of HCl/H 2 O (1:2) for 30 s in order to remove the surface oxides, and rinsed in DI water again for a prolonged time. The Ti/Al/Ni/Au (200/2000/400/500 Å) metals were thermally evaporated on the sample. After the metallization step, the contacts were annealed at 850°C for 30 s in N 2 ambient in order to form the ohmic contact. The same cleaning procedure used for ohmic contacts was again used prior to Schottky contact formation. The formation of the ohmic contact was followed by Ni/Au (350/500 Å) evaporation to form Schottky or rectifier contacts. Thus, the process of fabrication of (Ni/Au)/GaN/Al 0.3 Ga 0.7 N heterostructures was completed and its schematic diagram was given in Fig. 1 . The frequency dependence C-V and G/w-V measurements of these structures were performed at room temperature by using an HP 4192A LF impedance analyzer (5 Hz to 13 MHz) and test signal of 40 mV rms .
Results and discussions
In this study, the dielectric properties such as dielectric constant (e 0 ), dielectric loss (e 00 ), dielectric loss tangent (tan d), real (M 00 ) and imaginary (M 00 ) parts of the electric modulus of (Ni/Au)/ GaN/Al 0.3 Ga 0.7 N heterostructures have been investigated over a wide frequency and voltage range from 10 kHz to 1 MHz and À12 V to 12 V, respectively, by using capacitance (C) and conductance (G/w) measurements at room temperature. The frequency dependence of the C-V and G/w-V characteristics of the (Ni/Au)/GaN/Al 0.3 Ga 0.7 N heterostructures are given in Fig. 2a and b, respectively. It is clear that the C-V and G m /w-V curves (Fig. 2) are quite sensitive to frequency. As can be seen from Fig. 2a , the measured capacitance is dependent on both the frequency and applied bias voltage. Especially in the depletion region, the values of C increase with the decreasing frequency and shifts to reverse bias. Such behavior of C shows that there are various kinds of interface states with different life times and they can follow ac signal especially at low and intermediate frequencies but cannot follow at high frequencies especially in the depletion region of structure. The capacitance of such an inhomogeneous layer at the semiconductor/insulator interface acts in a series with the insulator capacitance causing frequency dispersion [9, 20, 21, 23] . Because at lower frequencies, the interface states can easily follow an ac signal and yield an excess capacitance (C ss ) and conductance (G ss ). This makes the contribution of interface state capacitance to the total capacitance negligibly small [21] . The increase in capacitance towards the low-frequency region may be also due to interfacial spacecharge formation, which would be effective at lower frequencies and hence the capacitance begins to decrease [21, 32] . This situation has caused the split at C-V and G/w-V curves for each frequency and especially it is clear at G/w-V curves that this split increases with the decreasing frequency.
The values of the e 0 and e 00 , tan d and electric modulus were evaluated from the data of C and G measurements for (Ni/Au)/GaN/ Al 0.3 Ga 0.7 N structures in frequency range of 10 kHz to 1 MHz at room temperature. The complex permittivity can be written [22, 23] 
The loss tangent (tan d) can be expired and follows [22, 23] :
where C o is the equivalent capacitance of the free space, A is the area of the sample, d ox is the interfacial oxide layer thickness, e o is the permittivity of free space-charge (e o = 8.85 Â 10 À14 F/cm) and x (=2pf) is the angular frequency. in the inversion region while the e 0 -V plot has a peak in this region. This increasing values of dielectric constant with the decreasing frequency could be attributed to the presence of a possible interface polarization mechanism since interface states can follow the ac signal at low frequencies and contribute to both capacitance and the dielectric values. These dispersion in e 0 and e 00 with frequency can be attributed to Maxwell-Wagner [33] and spacecharge polarization [34] [35] [36] [37] [38] .
The decreases in frequency causes a loosening of the reliable results on dielectric properties by changing in dipole orientation and hence an increase in e 0 , e 00 and tan d frequency becomes apparent. Interface polarization reaches a constant value because of the fact that beyond a certain frequency of the external field, the electron hopping cannot follow the alternative field. These results show that the studied heterostructure device possess better dielectric properties for high frequency (f > 500 kHz).
Analysis of the complex permittivity (e Ã ) data within the
is commonly used to separate the bulk and the surface phenomena and to determine the bulk dc conductivity of the material [23, [39] [40] [41] [42] . Generally, to extract as much information as possible, dielectric relaxation spectroscopy data are used in the electric modulus formalism [43] . Thus, the evaluation of the electric modulus as a function of frequency permits to detect the presence of relaxation processes in the studied materials [44] . In order to study dielectric dispersion in the (Ni/Au)/Al 0.3 Ga 0.7 N/ AlN/GaN heterostructures, we have used the complex electric modulus (M Ã ) as defined by following relation [23, [39] [40] [41] [42] as, This dispersion is fairly clear in Fig. 5a . Increase in the values of e 0 with the increasing applied bias voltage is evident especially at the low frequencies. The high values of e 0 were observed at low frequencies and low negative bias voltage can be attributed to interfacial Maxwell-Wagner polarization [33] and space-charge polarization [45] . Both dispersion in e 0 -f and e 00 -f curves are evident especially at low frequencies because of the reaction of interface traps and charge carriers in (Ni/Au)/GaN/Al 0.3 Ga 0.7 N heterostructure to frequency. At the high frequencies, dielectric polarization does not occur or it occurs weakly as seen from Fig. 5a . Fig. 6a 
Conclusions
In this study, dielectric properties of (Ni/Au)/GaN/Al 0.3 Ga 0.7 N heterostructures have been investigated in the frequency range of 10 kHz to 1 MHz in order to have a good interpretation of some main structure parameters such as the e 0 , e 00 , tan d, V 0 and M 00 . These main parameters were evaluated from admittance spectroscopy (C-V and G/w-V) measurements at room temperature. Experimental results show that both C and G/w were quite sensitive to applied voltage and frequency especially at low frequencies. The high values of C at low frequencies were attributed to the excess capacitance resulting from the interface states, which are in equilibrium with semiconductor that follows an ac signal. Therefore, the dielectric constant (e 0 ), dielectric loss (e 00 ), loss tangent (tan d) and the electric modulus were also found a strong function of bias voltage and frequency. While the values of the e 0 decrease with increasing frequencies, tan d and the electric modulus (real and imaginary parts) increase with the increasing frequency. Also, the dielectric loss (e 00 ) have a local maximum at about frequency of 100 kHz. As a result GaN cap layer at M/S interface behave like an insulator and it leads to a change in both electrical and dielectric properties especially at low frequencies. 
